Reactive power compensation is an important issue in the control of electric power system. Reactive power from the source increases the transmission losses and reduces the power transmission capability of the transmission lines. Moreover, reactive power should not be transmitted through the transmission line to a longer distance. Hence Flexible AC Transmission Systems (FACTS) devices such as static compensator (STATCOM) unified power flow controller (UPFC) and static volt-ampere compensator (SVC) are used to alleviate these problems. In this paper, a voltage source converter (VSC) based STATCOM is developed with Artificial Neural Network Controller (ANNC) and Adaptive Neuro Fuzzy Inference System(ANFIS) controllers. The conventional PI controller has more tuning difficulties while the system parameter changes, whereas a trained neural network and ANFIS controllers requires less computation time. They have the ability to generalize and can interpolate in between the training data. The ANNC and ANFIS controllers designed were tested on a 75 V, 100 VA STATCOM in real time environment via state-of-the-art of digital signal processor advanced control engineering (dSPACE) DS1104 board and it was found that ANFIS controller was producing better results than the ANNC.
INTRODUCTION
The improvement in power semiconductor devices acts as a major factor for the increased importance of power electronics in future power system. A power electronic converter based high speed 360
• phase shifter can control power flow between two systems, regardless of frequency, voltage and impedance variations [1] . The operation of different FACTS devices such as SSR damper, Phase angle regulator, Static condenser, STATCOM and Thyristor Controlled Series Capacitor (TCSC) were discussed and the role of the above devices in the future power system was also studied [2] . STATCOM is designed based on VSC topology and sinusoidal PWM technique is used to control the amplitude and phase of converter output voltage. TMS320F240 DSP based ±3 KVAR rating STATCOM is reported for compensating lagging and leading power factor loads [3] . A high power self commutating inverter based static condenser (STATCON) is developed and two types of modules for voltage and phase angle control are explained from the basic fundamental equations and transient response curve is given [4] . Experimental ±5 KVAR STATCOM model using DSP, with sinusoidal PWM control having the carrier frequency of 2.8 KHz is developed. PI controller is designed using dq frame linearized model and system parameters variations such as, variation of load of 2.3 KW and closed loop dynamics are observed in 30 KVA and 110v system [5] . The mathematical model of STATCOM based on space vector theory and also the behavior of STATCOM for voltage regulation with simple PI controller is simulated with ATP-EMTP. The value of the capacitor is changed in steps and the frequency of oscillations for various steps is studied. Magnitude of reactive current injected/absorbed by STATCOM is linearly proportional to phase angle. It is also observed that the bus voltage is recovered within three cycles after the load disturbance is given [6] . A discrete linear time varying model of the three-phase VSC is developed and this model is employed to determine the steady-state operating characteristics of a VSC in closed loop form, as a function of converter duty cycle and phase angle [7] . A schematic for the reconfigurable FACTS system is designed and a real time control for the above FACTS system is also developed. The state models for STATCOM, Static Synchronous Series Compensator (SSSC) and Unified Power Flow Controller (UPFC) are designed using dq co-ordinates. A PI based controller is developed for the above models. Simulations and experimental results are compared and verified [8] . A novel switching function model for the STATCOM, SSSC and the UPFC based on a multi-pulse voltage-sourced converter topology had been developed [9] . Recent advances in computing hardware, sophisticated power system, and component modeling techniques are significantly increasing the application of real time digital simulation in power system industry. Real time operation implies that an event in the system which lasts for one second is simulated on the simulator exactly in one second. The performance of the STATCOM controller is validated in real time using a detailed model of the power system implemented using Linux PC-based, multi-processor technology [10] . In the Hardware in loop (HIL) simulation, an actual controller for STATCOM is connected in closed loop with a realtime virtual plant model. The challenges of real-time simulation such as, achieving a very small time step with a power system containing multi-switch devices, preventing the non-characteristic harmonics, and achieving the simulator scalability by distributing the simulation execution over several processors had been overcome using PC based RT-LAB simulator [11] . A VSC based STAT-COM is modelled using MATLAB simulink tool boxes. A real time hardware for STATCOM is developed and us- 
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Cmos switch S2 to decrease a DSPACE ANN/ANFIS controller to choose pulse duration and to choose S1(incremental) or S2(decremental) switch to activate DSP for PWM generation Fig. 1 . The calculated flux linkage characteristics ing dSPACE software and DSP controller, the modulation index and phase angle are adjusted to get the required reactive power compensation. Simulation and experimental results are compared [12] . A neuro fuzzy controller is designed for STATCOM in such a way that it improves the damping of the rotor speed deviations of its neighboring generator [13] . A coordination controller is developed to minimize the number of tap-changes in the transformer while maintaining an acceptable STATCOM output voltage magnitude at the substation bus [14] .
In order to fully understand how to effectively incorporate FACTS devices in the existing power system, a hardware prototype for verification is necessary in addition to software simulation. A PI controller is implemented in a neural network called ANNC and AFNIS were presented in this paper. The ANNC and ANFIS were trained in such a way to reduce the steady state error, peak overshoot and settling time. The STATCOM is simulated with the trained neural network and ANFIS to achieve the desired performance using matlab/simulink. The performance of the above STATCOM is experimentally verified with ANNC and ANFIS controller. The reference value of point of common coupling voltage (V pcc ) is varied while the real time simulation is running and then the ability of STATCOM to track the reference V pcc (V pccref ) is observed.
In this paper, real time simulation of a power system with STATCOM under load disturbance is done with ANNC and ANFIS controller using a practical hardware of ± 3KVAR, 75 V STATCOM and its performance is experimentally verified via state-of-the-art dSPACE DS1104. Figure 1 shows the single line diagram of a power system with STATCOM. The STATCOM is connected at the middle of the transmission line. It consists of a VSC, a dc capacitor C dc , shunt transformer, controller and a filter capacitor (C f ). The VSC in STATCOM is modeled by connecting a 3 arm IGBT bridge. Each IGBT is antiparalleled by a diode. Sine triangular PWM technique is used to generate the AC sinusoidal output. The modulating signal is of 50 Hz sine wave and the carrier wave is of 20 KHz triangular wave. The converter output is in PWM form. In order to bring it to sine waveform, an LC filter is connected to filter out the content of carrier wave having frequency of 20 KHz. The inductance of shunt transformer will act as L for the LC filter.
PROPOSED STATCOM WITH ANN/ANFIS CONTROLLERS
dSPACE demonstrates high-end control development from block diagram design to on line controller optimization. It is possible to test even the most complex control systems in real time using dSPACE. It is possible to implement the simulink model of any system on dSPACE real time hardware within seconds and to observe the effects of parameter changes on system's behavior. dSPACE helps in varying the system parameters while doing the simulation there by the dynamic performance of the system can be easily observed. The DS1104 board that comes along with dSPACE consists of 8 ADCs and 8 DACs for interfacing.
The dSPACE layout of STATCOM model is created in SIMULINK environment. Then this model layout is converted into DSP code which runs in the in-built TMS320F240 DSP processor in the dSPACE controller. A dSPACE Connector panel (CLP1104) ports provide easy access to all input and output signals of the DS1104 board.
In the simulink model of STATCOM running under dSPACE environment it is not possible to generate a carrier wave of 20 KHz since in dSPACE the simulation step size cannot be brought below 1 msec. In order to produce a sine triangular PWM for STATCOM a dedicated DSP TMS320F2407 is used. In that a sine wave of 50 Hz and If the STATCOM has no power loss and operates to supply only reactive power, then no active power exchanges between the STATCOM and the ac system. Therefore, the inverter output voltage is controlled to be exactly in phase with the system voltage. The reactive power exchange between the STATCOM and the ac system can be controlled by varying the amplitude of the inverter output voltage. The switches of the inverter and passive components are not ideal and hence the dissipative power losses exist. The energy stored in the capacitor is eventually used to compensate internal losses of the converter. Hence the voltage across the capacitor cannot sustain and will eventually collapse. Therefore, a small amount of active power is required to compensate the dissipative power loss so that the dc capacitor voltage can be maintained constant. This small amount of active power can be provided by the power system in such a way that there is a slight phase difference (α ) between the system voltage and the STATCOM output voltage. This phase difference is achieved by adjusting the phase angle of the sinusoidal modulating signal. If the STAT-COM's injecting current exceeds 10 A the PWM pulses will be cutoff in order to protect the VSC.
MODELLING OF STATCOM
The STATCOM is based on the principle that a voltage source inverter generates a controllable AC voltage source behind a transformer leakage reactance so that the voltage difference across the reactance produces active and reactive power exchange between the STATCOM and the transmission network. By injecting a current of variable magnitude in quadrature with the line voltage, the STATCOM can inject reactive power into the power system which is done by making the inverter output voltage greater than the bus voltage. At the same time it will absorb the reactive power from the power system when the inverter output voltage is less than the bus voltage. The STATCOM does not employ capacitor or reactor banks to produce reactive power as does the SVC, but instead uses a capacitor to maintain a constant dc voltage for the inverter operation.
The dc capacitor voltage can be adjusted by controlling the phase angle difference between line voltage and VSC voltage. The angle of line voltage is taken as reference. If the phase angles α is slightly advanced, beyond the system bus voltage the STATCOM injected voltage decreases and reactive power flows into STATCOM. Conversely, if the phase angle α is slightly delayed, the STAT-COM injected voltage increases and STATCOM supplies reactive power to the bus. By controlling the phase angles of VSC, the reactive power can be generated from or absorbed by STATCOM and the voltage regulation can be achieved. The dc voltage maintained by the C dc will act as voltage source for the VSC and it is connected to the transmission line through a shunt transformer. Figure 2. shows the equivalent circuit of the STATCOM. The loop equations for the circuit may be written in vector form as
where R s and L s represent the STATCOM transformer resistance and inductance respectively, E abc are the inverter ac side phase voltages, V abc are the system-side phase voltages, and i abc are the phase currents. The output of the STATCOM is given by
where V dc is the voltage across the dc capacitor, K is the modulation index, and α is the injected voltage phase angle. Table 1 gives the details of the elements present in the STATCOM and sample power system that is used in this network. Figure 3 shows the flowchart for the sine triangular PWM generation in DSP TMS320F2407. At the starting of the program event manager module is initialized. The phase angle is set to zero and at the same time the modulation index value is made constant to 0.5. The key press is done through Cmos switches S1 and S2. If switch S1 is closed then phase angle is increased by 1degree for every 10 msec key press. If S2 is closed then phase angle is decreased by 1 degree for every 10msec of key press. According to the phase angle the sine triangular PWM is generated. Figure 4 shows the flow chart of the control algorithm to control the phase angle α .
REAL TIME PERFORMANCE ANALYSIS OF STATCOM USING DSPACE DS110WITH ANN AND ANFIS CONTROLLERS

With ANNC
In this section, the solution of implementing conventional PI controller in a neural network is discussed. The training patterns for ANNC are extracted from the conventional PI controller. The inputs, error(e), change in error(ce) and the outputs of PI controller are normalized to one and are taken as training data for the controller. The ANN controllers designed in most of the work use a complex network structure for the controller. The aim of this work is to design a simple ANN controller with number of neurons as low as possible while improving the performance of the controller. The command 'nntool' in the matlab/simulink is used to generate the neural network, based on the training data. A two layer feed forward neural network is constructed with two neurons in the input layer and one neuron in the output layer. Figure 6 shows the simulink diagram of the controller part of the power system of STATCOM with ANNC. As the inputs to the controller are the error and the change in error, two neurons are used for input layer. The maximum value of error and change in error before normalizing, are 150v. The neurons are biased. The activation function used for the input and output neurons are pure linear and tangent sigmoid respectively. A supervised back propagation neural network-training algorithm is used with a ?xed error goal. The network is trained for an error goal of 0.0005. The output from the ANNC is used to vary the phase angle α . Figure 5 shows the structure of the neuron controller, where W ij represents the weight of the connections between neurons i and j and b i represents bias at neuron i . Figure 7 shows the simulink diagram of ANNC part of the STATCOM. 
With ANFIS Controller
In this section, the solution of implementing conventional PI controller in ANFIS is discussed. The training patterns for ANFIS are extracted from the conventional PI controller. The inputs, error(E), change in error(CE) and the outputs of PI controller are normalized to one and are taken as training and testing data for the controller. To take training data the 'to workspace' toolboxes for error(E), change in error(CE) and output(OP) are given by 0.1ms sampling time. To take testing data the 'to workspace' toolboxes for error(E1), change in error(CE1) and output(OP1) are given by 0.3 ms sampling time The ANFIS controllers designed in most of the work use a complex network structure for the controller. The aim of this work is to design a simple ANFIS controller and to improve the performance of this controller than the ANN controller.
In the input side 5 membership functions are used with triangular membership function Sugeno type fuzzy inference is used. Figure 7 shows the simulink diagram of the controller part of the power system of STATCOM with ANFIS.
The maximum value of error and change in error before normalizing, are 150v. The network is trained for an error goal of 0.0005. It takes 200 epochs to get that error goal. The output from the ANFIS is used to vary the phase angle α . If the output form ANFIS is positive then the increment switch is activated and if the output is negative then the decrement switch is activated thereby changing the phase angle α . Also if the magnitude of the ANFIS output is large, the corresponding switch is closed for a . STATCOM PWM and filtered sine wave output using dSPACE when connected with STATCOM and RL load larger duration so as to change the phase angle α by a large amount and if it is small, then the corresponding switch is closed for a small duration. Figure 8 shows the model structure of the ANFIS controller. Figure 9 shows the STATCOM PWM output voltage and the filtered sine wave output voltage when connected with RL load. Figure 10 shows the change in the V pcc voltage, error voltage and load current when ANN controller is connected. When the initial load disturbance (Load current from 0.5 A to 1.1 A) is given the V pcc voltage is reduced to 48v and it takes 5 milliseconds (from 12 milliseconds to 17 milliseconds) to reach its steady state value of 70v, and when the final load disturbance (Load current from 1.1 A to 0.5 A) is given the V pcc voltage is increased to 115v and it takes 6 milliseconds (from 31 millisecs to 37 millisecs) to reach its steady state value of 70v. The steady state error is of 1.5 V. Tables 2 and 3 give the comparison between the performances of the two controllers. Figure 11 shows the change in the V pcc voltage, error voltage and load current when ANFIS controller is connected. When the initial load disturbance (Load current from 0.5 A to 1.1 A) is given the V pcc voltage is reduced to 50v and it takes 3 milliseconds (from 8 milliseconds to 11 milliseconds) to reach its steady state value of 70v, and when the final load disturbance (Load current from 1.1 A to 0.5 A) is given the V pcc voltage is increased to 108v and it takes 3 milliseconds (from 12 millisecs to 20 millisecs) to reach its steady state value of 70v. The steady state error is of 1 V. Tables 2 and 3 give the comparison between the performances of the two controllers.
EXPERIMENTAL RESULTS AND ANALYSIS
Result analysis with ANNC
Result Analysis With ANFIS Controller
CONCLUSION
This paper made an attempt to obtain the real time performance of STATCOM using both ANN and ANFIS controllers in dSPACE environment. The performance of STATCOM is analyzed by giving load disturbance. It is observed that the STATCOM under ANFIS controller is having less peak overshoot and steady state error It is also having faster response than ANN. Hence ANFIS controller is performing better than ANNC. Also it is found that using dSPACE, experimental verification of real time control system can be easily achieved Time (ms) Fig. 11 . Experiment results when load disturbance is given while using ANFIS controller
